We report a sample of recent and topical physics results based on the data recorded with the Belle detector at the KEK B-factory in Japan.
Introduction
The Belle experiment is a multitasking magnetic spectrometer that operated for more than a decade at the KEKB asymmetric-energy e + e − collider. Before closing down in June 2010 to make way for its upgrade (Belle II), it has succeeded in collecting a world-record sample of data over 1 ab −1 near various Υ (nS) resonances. We present herein a sample of recent interesting results from Belle based on its full statistics.
Charm mixing and CP violation
Under weak interaction a flavored neutral meson can be represented as a two-state quantum system, leading to possible transition between the two states. The phenomenon going by the name neutral meson mixing is intimately related to the difference between the flavor and mass eigenstates of the meson-antimeson system. Such mixing is already well established for K 0 , B 0 and B 0 s mesons. The observed mixing rates are consistent with the standard model (SM) predictions that depend on the Cabibbo-Kobayashi-Maskawa (CKM) matrix [1] elements, appearing in the short-distance box diagrams for mixing. For D 0 mesons the box diagrams are, however, both Cabibbo and GIM [2] suppressed giving rise to a small contribution. Consequently, D 0 -D 0 mixing is dominated by long-distance processes that are difficult to calculate. Theoretical estimates for the mixing parameters x ≡ ∆m/Γ and y ≡ ∆Γ/2Γ range over two to three orders of magnitude [3] . Here, ∆m and ∆Γ are the mass and decay width differences between the two D mass eigenstates, and Γ is their average decay width.
Violation of charge-parity (CP ) symmetry in the charm sector provides an interesting test for new physics (NP) as the SM predicts a very small asymmetry owing to: a) large Cabibbo and GIM suppression, similar to mixing, and b) a lack of large hierarchy in the down-type quark masses. Among various D decay modes the singly Cabibbo-suppressed (SCS) decays constitute the most promising candidate to probe CP violation [4] with typical SM values are of the order of 10 −3 . With respect to such percentage effects one needs a good control on the theory prediction, something that is in general lacking in the charm sector due to long-distance effects. Furthermore, with D 0 -D 0 mixing being firmly established (see below) one would like to explore possible CP violation in mixing or due to interference between mixing and decay amplitudes.
Mixing in D → Kπ decays
We search for D 0 -D 0 mixing in D → Kπ decays [5] by taking a ratio of the time-dependent rate of the wrong-sign (WS) decay 
to the second order in mixing parameters. Here, t is the proper decay time, τ is the average D 0 lifetime, R D is the ratio of DCS to CF decay rates, x ′ = x cos δ + y sin δ, and y ′ = −x sin δ + y cos δ are the "rotated" mixing parameters with δ being the strong phase difference between the DCS and CF decay amplitudes. . This means, the no-mixing hypothesis is excluded at a level of 5.1 standard deviations (σ). Our results constitute the first observation of D 0 -D 0 mixing from a single e + e − collider experiment, and are in agreement with those from experiments at the hadron machine [7] .
Mixing and CP violation in
We simultaneously probe mixing and CP violation [8] by studying time dependence of the Dalitz plot in the self-conjugated decay
, the decay amplitude is
where q, p are the complex coefficients that relate mass to flavor eigenstates, and e 1,2 (t) = e −(im 1,2 +Γ 1,2 /2)t with m 1,2 and Γ 1,2 being the mass and decay width of the mass eigenstates. The first term is the time-dependent amplitude for the (direct) decay
, and the second one is the amplitude
Taking the modulus squared of Eq. (2) gives the time-dependent D 0 decay rate as
The equivalent quantity in the D 0 case also contains terms proportional to cosh(Γxt), cosh(Γyt), sinh(Γxt) and sinh(Γyt). Thus, by fitting the timedependent D 0 and D 0 decay rates we can determine mixing parameters x and y as well as look for mixing-induced CP violation by checking whether |q/p| deviates from unity or Arg(q/p) from zero, and if so, by how much.
We use an isobar model [9] to describe the decay amplitude A f (m . Of course, this assumption of no direct CP violation has no bearing for CP violation related to mixing. Next we follow a two-step fit procedure. In the first step, we fit to a combined sample of D 0 and D 0 with the fit observables (x, y), the D 0 lifetime τ , some timing resolution parameters, and isobar model parameters (a j , δ j ). In the second step, CP violation related to mixing is allowed resulting in two more fit observables: |q/p| and φ = Arg(q/p). Results of the above two fits are listed in Table 2 . The two sets of mixing parameters obtained are pretty much identical, and they constitute a 2.5σ evidence for D 0 -D 0 mixing. With |q/p| and φ being consistent with unity and zero, respectively, there is no CP violation either in D 0 -D 0 mixing or due to interference between mixing and decay. 
The D 0 → π 0 π 0 decay, a typical SCS one, is expected to exhibit large CP violation in several NP models such as those with large chromomagnetic dipole operators [10] and the triplet model [11] . The enhanced CP asymmetry value could lie anywhere between 1% and 8%. Further motivation for our study came from an early measurement by LHCb [12] , supported by CDF [13] , suggesting a 3.5σ effect on the difference of direct CP asym-
Though the current world average for ∆A CP stands 2.3σ away from zero [18] , there exists a good deal of theoretical motivation [10, 11, 14] to look for CP violation in D 0 → π 0 π 0 . Experimentally, the previous result from CLEO [15] was consistent with zero with an uncertainty of 4.8% -as big as the NP prediction.
We measure the time-integrated CP asymmetry in the 
where N i rec is the number of reconstructed events tagged as i, has three contributions: the underlying CP asymmetry A CP , the forward-backward asymmetry (A FB ) due to γ-Z ⋆ interference in e + e − → cc and higher-order QED processes, and the detection asymmetry between positively and negatively charged pions (A πs ǫ ). We subtract the A rec measured in the CF decay [17] . After subtracting CP violation due to K 0 -K 0 mixing, the CP asymmetry for D 0 → K 0 π 0 is found to be (+0.12 ± 0.16 ± 0.07)%, again consistent with no CP violation.
Lepton forward-backward asymmetry in
The flavor-changing neutral current (FCNC) transition b → sℓ + ℓ − (ℓ = e, µ) is forbidden at tree level in the SM. However, it can occur at higher order via electroweak loop (penguin) and W + W − box diagrams. The corresponding decay amplitudes are expressed in terms of the effective Wilson coefficients [19] : C 7 for the electromagnetic penguin, C 9 and C 10 for the vector and axial-vector electroweak contributions, respectively [20] . In presence of NP contributions, these coefficients are expected to differ from SM predictions, leading to a dramatic change in the decay rate and angular distributions of the b → sℓ + ℓ − transition [21] . For instance, the lepton forward-backward asymmetry in the B → X S ℓ + ℓ − decays,
where θ is the angle between the ℓ + (ℓ − ) and the B meson momentum in the ℓ + ℓ − CM frame and X S is a hadronic system containing an s quark, exhibits an excellent sensitivity for physics beyond the SM.
Motivated by this, we perform the first measurement of A FB in the inclusive B → X S ℓ + ℓ − decays as a function of the dilepton invariant mass squared
, using 772 × 10 6 BB pairs collected at the Υ (4S) resonance. By inclusive here one means a sum of several exclusive hadronic final states representing the X S system. We reconstruct B mesons in 18 hadronic final states with X S ≡ {K}{nπ}, K = K ± , K 
/c
4 for the electron (muon) channel, where the gap regions correspond to the veto described earlier. The A FB value is found to be consistent with the SM prediction in the two intermediate q 2 bins, while it deviates from the SM in the lowest q 2 bin by 1.8σ (including the systematic uncertainty). Results in the last two bins exclude A FB < 0 at a 2.3σ level.
Observation of the decay
0 decay proceeds via the b → s penguin and Cabibbosuppressed b → u tree diagrams. There is a destructive interference between two contributing amplitudes leading to a small decay branching fraction. The interference pattern could also give rise to a large direct CP violation. Typical branching fraction values calculated within the framework of perturbative QCD [23] , QCD factorization [24] , soft collinear effective theory [25] and SU(3) flavor symmetry [26] are in the range 1.2-6.3%. In the past, Belle [27] and BABAR [28] have searched for B 0 → η ′ K ⋆ (892) 0 with the latter reporting the first evidence at a 4σ level. So far, CP violation has not been probed in the decay.
We search for
using a data sample of 772 × 10
6
BB pairs recorded at the Υ (4S) resonance. The decay candidates are reconstructed from the subsequent decay modes η
Based on an extended maximum likelihood fit to their distributions of M bc , ∆E, continuum suppression variable, and the cosine of the K ⋆ helicity angle, we extract a signal yield of 31 ± 9 events with a significance of 5σ, including systematic uncertainties. This constitutes the first observation of the decay channel. The yield is translated to a branching fraction
, in a good agreement with theory predictions. We also measure direct CP violation by splitting the obtained yield according to the flavor of the B meson, based on the sign of the daughter kaon from the K ⋆ decay. The obtained result, A CP = −0.22 ± 0.29(stat)0.07(syst), is consistent with no CP violation.
An amplitude analysis of B → J/ψ Kπ
Recently, a number of new charmonium-like states have been observed at the B factories and elsewhere. Some of them especially the charged ones look very much like exotic, defying predictions of the quark model. The first one in the series, the Z c (4430) + , was discovered by Belle in the ψ(2S)π
, followed by two more states, the Z c (4050) + and Z c (4250 [31] . Lately, BESIII has joined the game by observing Z c (3900) + in the J/ψ π + invariant mass spectrum in Y (4260) → J/ψ π + π − [32] . In a back-to-back publication [33] , Belle corroborated the finding.
Motivated by these exciting results, we perform an amplitude analysis [35] of the decay B 0 → J/ψ K − π + , with J/ψ → µ + µ − or e + e − , using a data sample of 772 × 10 6 BB pairs. Our analysis strategy is similar to a recent study of B 0 → ψ(2S)K − π + [34] . In addition to the known Z c (4430) + state, we find a new charmonium-like state Z c (4200) + in the J/ψ π + invariant mass spectrum with a significance exceeding 6σ. The minimal quark content of this state is exotic: |ccud>. Its mass and decay width are measured to be + e − flavor factory will continue with the upcoming Belle II experiment [36] .
